We motivate searches for gravitational waves from transient blazar flares with emphasis on PKS 2155-304. PKS 2155-304 is a blazar with redshift approximately equal to 0.12. On July 28 2006, the H.E.S.S. atmospheric Cherenkov telescopes detected an outburst of TeV gamma rays from this object lasting approximately two hours with total isotropic equivalent energy released in TeV gamma rays (without accounting for attenuation with infrared photons) approximately 10 45 ergs. During this period, the two LIGO detectors at Hanford and GEO were running and collecting science mode data. We propose to look for gravitational waves during this gamma-ray outburst with the RIDGE network analysis pipeline. Simulated detector noise is used to study the performance achievable by RIDGE in measuring possible gravitational wave signals associated with this event.
Introduction
Blazars [1] are a subset of active galactic nuclei (AGN) and like all AGNs, are powered by accretion onto a central engine, and have been detected throughout the electromagnetic spectrum from frequencies of order 100 MHz to energies of order tens of TeV. They show strong variability on many different time scales throughout the electromagnetic spectrum and exhibit a high degree of polarization. Their radio jets exhibit apparent super-luminal motion suggesting that they are emitted at small angles to our line of sight. The central engine is thought to consist of a super-massive black-hole (> 10 6 M ⊙ ). However, some blazars are believed to contain binary black holes [2] . In all, there are more than 500 confirmed blazars, of which most are located at high redshift with a peak at about 0.2 [3] .
In many respects, blazars are similar to gamma-ray bursts (GRBs). Both have a central engine and a jet, undergo accretion, and show evidence for non-thermal emission. The emission mechanism for the initial afterglow phase of GRBs is same as that for blazars, viz. synchrotron radiation and inverse Compton scattering [4] . More similarities between GRBs and blazars are explored in Ref. [4] . The main difference is in their central engine and that GRBs are one-shot events, whereas blazars emit flares more than once. Blazars are also potential sources for high energy neutrinos and there have been searches for neutrinos in coincidence with blazar flares [5] . There have been proposed searches for gravitational waves in coincidence with ultra-high energy neutrinos [6] . Spatial correlations between blazars and ultra high energy cosmic rays also have been observed [7] . Although there have been many searches for gravitational waves from GRBs [8, 9] there have been no previous gravitational wave searches from transient blazar flares, to the best of our knowledge. Given the many similarities with gamma ray bursts, it seems natural to also look for gravitational waves in coincidence with bursts from blazars. Some probable mechanisms for gravitational wave emission from blazar flares are discussed in Sect. 4 .
In this paper we point to some known bursts from blazars during the fifth LIGO science run (S5) [10] , discuss the energetics of one of them and then outline a proposed search method using the RIDGE network analysis pipeline. However this list is by no means exhaustive, since all blazar observations during S5 are not yet public. We show preliminary sensitivity results using simulated noise and one set of simulated signals.
PKS 2155-304 outburst in July 2006
PKS 2155-304 is a blazar located in the southern galactic hemisphere with redshift approximately equal to 0.12 [12] , which corresponds to a luminosity distance of about 540 Mpc. It was first discovered by the Parkes radio telescope in the 1970s [13] , in Xrays by HEAO-1 [14] , between 30 MeV to 10 GeV by EGRET [15] and in TeV gamma rays by the Durham Mk VI telescopes [16] . Multiwavelength observing campaigns have been carried out for this blazar since 1990. The mass and nature of the central engine in PKS 2155-304 is currently unknown.
The H.E.S.S. detector (which stands for High Energy Stereoscopic System) which is located in Namibia [17] 45 ergs. However, if we account for attenuation with extragalactic background light, the total electro-magnetic energy could be larger. Various models have been proposed for this outburst [19, 20, 21] . However none of them can satisfactorily explain this large flare along with the steady state emission. The common feature of all the models used to explain the flare is that the bulk Lorentz factor of the jet is around 50, size of the emitting region is around 3 × 10 14 cm, and the jet opening angle is about 1
• [20] . For this opening angle, the energy emitted at the source is reduced by a factor of ≃ 10 −4 [22] .
Status of gravitational wave detectors
During this outburst, both the 4 km (H1) and 2 km (H2) LIGO Hanford detectors and GEO detectors were online and taking science mode data. The squared sum of the antenna patterns of these detectors is shown in Fig. 1 . The sensitivity of gravitational wave interferometers can be characterized by its "Inspiral Range" [23] , which is the distance to which signals from the inspiral of two 1.4M ⊙ objects is detected with SNR greater than 8, after averaging over all sky positions and orientations of the binary system. The corresponding "Inspiral Range" for H1, H2, and GEO detectors were 13 Mpc, 7 Mpc and 1.3 Mpc respectively.
Possible GW emission mechanisms from Blazars
Although there have been no theoretically proposed gravitational wave emission mechanisms from such transient blazar outbursts in the LIGO/VIRGO frequency band, there have been some proposed production mechanisms for steady state gravitational waves from AGNs with super-massive black holes as the central engine in the LISA frequency band. We list these mechanisms below and speculate on some possibilities which could possibly bring the frequency of the gravitational wave signal into the LIGO band. However there is no evidence that the mechanisms discussed below happened during the PKS 2155-304 flare. Ultimately we would like to adopt an eyes-wide-open approach and look for gravitational waves during this outburst because of its large fluence and its mechanism being currently unknown. One mechanism involves fragmentation of the accretion disk due to feedback energy from star formation in the outer parts of the accretion disk for a blazar with single black hole [24] or due to impact from the accretion disk of the secondary black hole for a blazar with binary black hole [26] . Another possible reason for fragmentation of the accretion disk could be dynamical friction from an in-falling satellite onto a coplanar accretion disk [27] . This fragmentation results in the formation and evolution of massive stars in the self-gravitating accretion disks of massive black holes [24] . The resultant compact objects from the fragmentation remain embedded in the accretion disk and could merge with the parent black hole at the center [24] . The gravitational waves result from inspirals and mergers of the disk born compact objects with the central black hole. The expected strain amplitude has been estimated to be from 10 −21 / √ Hz to 10 −19 / √ Hz with expected frequency from 10 −4 to 10 −1 Hz [28] using the AGN luminosity distribution. The gravitational wave properties are dependent on the accretion rate, masses as well as spins of the parent black holes. It is however plausible that if the newly formed objects are less massive or if a compact binary forms in the accretion disk, the expected gravitational wave frequency could be in the LIGO band. Another possibility is that if the final configuration of gravitational collapse does not result in a black hole [29] but some other compact object (such as a boson star), the characteristic frequency of mergers and ringdown could be larger (for a given mass) as compared to those with black holes [30] .
Proposed analysis plans
Since the LIGO Hanford and GEO detectors are non-colocated, we would like to use gravitational wave aperture synthesis techniques for analyzing this flare. The RIDGE [34] pipeline (whose name is derived from the term "ridge regression" used in statistics literature) is one such coherent network analysis pipeline which uses Tikhonov regularization [11] . Other network analysis algorithms and their applications for various astrophysical searches are discussed in Refs. [31, 32, 33] and any of them could also be applied for this search. More details on the description of the RIDGE pipeline and its various components and detection statistics are provided in Ref. [34] . We also propose to use the same pipeline in searches for gravitational waves from GRBs, magnetars, pulsar glitches, and Sco-X1. Combining the data from the GEO detector, which is noncolocated and sufficiently well-separated with respect to the Hanford detectors, would enable us to increase the sensitivity as compared to searches done with only the Hanford detectors such as for GRB 070201 [8] or SGR 1806-20 [35] . However, the quality of the GEO data at the time of this flare is under investigation, which will ultimately determine whether this will be used for analysis or not.
We are also developing a method to look for long-duration (lasting several seconds to minutes) transient gravitational wave signals (for sources such as Sco-X1) [36] , taking into account "source-tracking" to account for the change in the earth-based projected coordinates over a long duration. Since this flare lasted for over two hours, we would apply exactly the same method to this flare. There have been no previous searches looking for long duration unmodelled bursts in LIGO data and this might help us uncover a signal (which otherwise may be missed from untriggered searches for gravitational wave bursts which look at all times).
If GEO data is non-stationary and if it contains many non-Gaussian transients, it will not be used for analysis. In that case, we plan to apply one of the event trigger generators used for untriggered burst searches during the two hour period, look for double coincidence between H1 and H2, and then apply RIDGE to those triggers. For H1-H2 only analysis, the detection statistic used in RIDGE is equivalent to simple crosscorrelation.
RIDGE results using simulated noise and signals on this flare
To analyze the sensitivity of the RIDGE method, we generated 2000 seconds of simulated noise (which was the total duration of the flare) using the LIGO and GEO design sensitivity curve [37] . To do this, 2000 seconds of Gaussian stationary noise was generated using three independent realizations of white noise, followed by the application of FIR filters with transfer functions matching the design sensitivity curves. To simulate the effect of instrumental lines, sinusoidal signals were added at frequencies of 54, 60 120, 180, 344, 349 , 407, 1051 Hz. The power spectral density of the simulated noise for LHO and GEO are shown in Fig. 2 . To estimate the sensitivity we injected circularly polarized (for which the signal in + polarization is phase shifted by 90
• with respect to the signal in × polarization) sine-Gaussian signals with Q = 9 and central frequency (f 0 ) = 235 Hz. The strength of the signal is characterized by h rss where :
where h + and h × correspond to the signals in the '+' and '×' polarizations respectively. We chose four different values of h rss corresponding to 0.7, 1.4, 2.1, and 3.5 ×10 −22 Hz −1/2 , This signal was injected at the estimated location of PKS 2155-304 which is at Right Ascension = 22
• and Declination = −29.8
• [12] . Sine-Gaussian signals are an ad-hoc set of simulated signals which have been used to characterize the efficiency of various burst searches and are defined in Ref. [38] . This waveform choice is arbitrary and in the future we will test the efficiency with more simulated waveforms.
For all values of θ and φ, we maximize the Tikhonov regularized likelihood functional [11] for all values of h + and h × . Such a 2-d regularized plot with color-scale representing the value of maximum likelihood is known as "skymap", and is denoted by S(θ, φ). We then define a detection statistic based on these values called "radial distance statistic" (R rad ) as follows :
where S 0 (θ, φ) is an average of all skymaps that do not contain GW signals. We show such a skymap at the maximum of the radial distance statistic (which contains one of the injected signals) as well as the same skymap averaged over all times not containing any signal in Fig. 3 . The pattern in the skymap is determined by the condition number of the LHO-GEO response matrix [11] . The values of the radial distance statistic for the signal only and noise-only skymaps are shown in Fig. 4 . The Receiver-Operating characteristic (ROC) curves for this H1-H2-GEO network for three values of h rss are shown in Fig. 5 . For a false alarm probability of 0.2, the h rss is about 2.1×10 −22 Hz −1/2 , which corresponds to total energy in gravitational waves at the source of approximately 10 35 ergs [25] .
Other Blazar Bursts during S5
There have been a few optical outbursts from other blazars during S5 and we briefly mention some of them. OJ 287 is another blazar candidate located at a redshift of approximately 0.3 (with luminosity distance ≃ 1600 Mpc). It has been monitored in the optical band since 1891. It has been known to emit periodic outbursts every 12 years [26] . This blazar is hypothesized to contain a binary black hole with black hole masses approximately equal to 16 × 10 9 M ⊙ and 0.1 × 10 9 M ⊙ , eccentricity equal to 0.7, and semi-major axis equal to 9000 AU [26] . The possible cause of these bursts is due to the fragmentation of the accretion disk of the secondary black hole by the primary one [26, 39] . There have been two optical outbursts from OJ 287 during S5. The first one was in Nov. 2005 (just after the S5 start) and the next one was in Sept. 2007. In Fig. 6 , we show the bursts from OJ 287 (around Nov. 2005) in the optical V band collected with small (0.3 -1.0 m) telescopes. For this object, there were only 2-3 observations per day, so it is hard to determine the exact start of the outburst to within a minute accuracy. We shall also look for gravitational waves during this burst around Nov. 2005 and Sept 2007. The orbital decay of the system due to the emission of gravitational radiation (with frequency approximately equal to 10 −8 Hz) similar to the Hulse-Taylor binary pulsar is in agreement with general relativity to within 10 % accuracy [40] .
Another blazar for which transient outbursts were observed at many wavelengths is S5 0716+71 (whose redshift is unknown) using data from the AGILE satellite [41] . The bursts from this blazar were observed at various times from August -November 2007. 
Conclusions
In this paper, we have argued for searching for gravitational waves from blazars and indicated some potential transient sources during S5, which flared in TeV gamma rays and optical wavelengths, such as PKS 2155-304 and OJ 287. We have shown preliminary sensitivity results using simulated noise and simulated signals with the LIGO Hanford detectors and GEO at the time of the PKS 2155-304 flare with the RIDGE pipeline. We hope to complete searches for gravitational waves from these and other blazar bursts during S5 and also look forward to searches for GWs from blazars during future science runs with the LIGO, GEO and VIRGO detectors.
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